We propose and demonstrate a microwave-free vector magnetometer that simultaneously measures all Cartesian components of a magnetic field using nitrogen-vacancy (NV) ensembles in diamond. With fixed crystallographic axes inherent to the solid-state system, the present magnetometer leverages the level anticrossing in the triplet ground state at 102.4 mT, and is capable of measuring all three components of the magnetic field. Vector capability is proffered by modulating fields along the preferential NV axis and in the transverse plane and subsequent demodulation of the signal. This sensor exhibits a root mean square noise floor of ≈ 300 pT / √ Hz in all directions. The present technique is broadly applicable to both ensem- and vapor cells based magnetometry 7, 8 , have been utilized, the sensor size, the extreme measurement conditions required, uncertainty or drifts in the relative orientations or the lack of vector measurement ability limit their applications.
ble sensors and potentially also single-NV sensors, extending the vector ability to nanoscale spatial resolution.
Sensitive vector magnetometers are exploited in applications including magnetic navigation 1 , magnetic anomaly detection 2 , current and position sensing, and measuring biological magnetic fields 3, 4 . For many such applications, measurement of magnetic-field vector components with high precision and high spatial resolution at ambient conditions is desirable. Although various approaches, such as Hall probes, flux-gate, tunneling-magnetoresistance 5 , superconducting quantum interference device (SQUID) based magnetometry 6 and vapor cells based magnetometry 7, 8 , have been utilized, the sensor size, the extreme measurement conditions required, uncertainty or drifts in the relative orientations or the lack of vector measurement ability limit their applications.
In contrast, spin-based solid-state sensors allow complete vector reconstruction while keeping systematic errors from sensor axis misalignment or sensitivity drifts under control.
In particular, negatively charged nitrogen-vacancy (NV) centers in single-crystal diamond provide high-sensitivity magnetic sensing and high-resolution imaging [9] [10] [11] . To date, diamondbased vector magnetometers have been based on using the optically detected magnetic resonance (ODMR) technique with the requirement of applying microwaves (MWs) sequentially or simultaneously [12] [13] [14] . In these existing implementations, at least three ODMR spectral features must be interrogated to determine the magnetic field vector, and actually four or more are often probed to mitigate systematic errors from strain, electric fields, or temperature variation. A multi-resonance interrogated vector magnetometer inherently exhibits sub-optimal sensitivity, because the sensor is temporarily insensitive to magnetic field components transverse to the chosen axis during the time another axis is measured in sequential read-out or it is subject to crosstalk between simultaneous interrogations. There can be also systematic errors during the vector-reconstruction procedure 14 .
To overcome these drawbacks, we propose and demonstrate a protocol that enables vectorial measurement of magnetic fields by interrogating an NV ensemble of only a single crystallographic axis (not a preferential-orientation NV diamond sample) at the ground-state level anti-crossing (GSLAC). By applying two orthogonal alternating fields, along and perpendicular to the chosen axis, our technique offers direct and simultaneous readout of all the three magnetic components, free from systematic errors during reconstruction. In contrast to existing methods, our approach does not employ microwave fields. In particular, the method can be extended to single-NV probes. This will enable nanoscale full vector magnetic field sensing which is motivated by numerous applications, e.g. noninvasive tracking of particle motion in intracellular medium 15, 16 . This promising nanoscale vector magnetic-field sensing technique based on a single-NV probe can also address the under-constrained problem of microscopic characterization of novel spin textures 17, 18 , which would otherwise rely on system-dependent assumptions, artificially restricting the manifold of solutions compatible with experimental results.
Results
The microwave-free technique for magnetic sensing is based on detecting changes in NV-photoluminescence (PL) under optical pumping near the GSLAC 19 . The change in the PL signal can be caused by both, longitudinal and transverse magnetic fields, lifting the degeneracy of or mixing the Zeeman sublevels 20, 21 . The resulting PL signal is simultaneously modulated by applying time-varying fields at two different frequencies, parallel and orthogonal to the static bias field. The resulting PL signal is demodulated with two lock-in amplifiers (LIAs). The first-harmonic outputs, amplitude and phase, contain vectorial information of the magnetic field to be measured, thus full knowledge of the vectorial components is obtained.
The NV center is an atomic-scale defect consisting of a substitutional nitrogen adjacent to a vacancy in the diamond lattice. It has a spin-triplet ground state (S=1), which can be optically polarized to |m s = 0 and read out due to a spin dependent intersystem crossing into an intermediate singlet state. Without magnetic field the |m s = ±1 states are degenerate; however, owing to spin-spin interaction, these states lie higher in energy than the |m s = 0 state. This is the so-called zero-field splitting D between the states corresponding to an energy of 2.87 GHz. Brought to degeneracy due to the Zeeman effect, the magnetic sublevels of NV centers experience a complex GSLAC at an axial field B z ≈ 102.4 mT 19, 22 , in the presence of hyperfine coupling to nuclear spin of the intrinsic nitrogen (I=1), see Fig. 1 (a) . 
where B ⊥ is the transverse magnetic field (|B ⊥ | = B 2 x + B 2 y ), φ is the angle defined by tan φ = B y /B x . In the absence of transverse fields, the |0, +1 state does not mix with any other states [see Fig. 1 (a) ]. Therefore, if the center is fully polarized to this state, the PL should not depend on the exact value of the longitudinal magnetic field. However, in the presence of the spin bath producing randomly fluctuating magnetic fields, there arises an effective coupling between the eigenstates resulting in depolarization of the NV center and a corresponding drop in PL near the level crossings.
We introduce the axial field difference from the crossing, γ e δB z = D − γ e B z . If |δB z | |B ⊥ |, far from the avoided crossing region, the PL is insensitive to the transverse field. Conversely, if |B ⊥ | |δB z |, the signal becomes insensitive to small changes in the longitudinal field. In other words, near the GSLAC, the PL can be used to determine the transverse and longitudinal components of the magnetic field to be measured (TBM). This magnetic-vector sensing protocol can be extended to single-NV probes, and therefore, nanoscale sensing volume, since it just relies on intrinsic properties of the NV center and the presence of a spin bath.
For a given NV center, we define the z-axis along the symmetry axis of the center. A microwave-free magnetometer sensing the longitudinal component of a magnetic field is described in 19. Based on the Hamiltonian (Eq.1) and the assumption of an isotropic spin bath, we expect that the effect of a transverse magnetic field on the intensity of PL should not depend on the direction of the transverse field. In fact, we observe this experimentally, see Fig. 2 (b). The PL, however, does depend on the magnitude of the applied transverse field. Therefore, we have a sensor for the magnitude of the transverse field. Similar to how it is possible to measure the field vector with a scalar magnetometer by applying modulated fields in different directions, it is also possible, as we demonstrate here, to measure both Cartesian components of the transverse field with our sensor.
Typical methods to adapt a scalar magnetometer for vector measurement are to apply mutually orthogonal fields modulated at different frequencies. Thus it is possible to determine the components along each direction by individually demodulating the signal 8 . In this work we propose a method to realize vector-field sensing in the x-y plane using a transverse field rotating around the z-axis Before the full vector-sensing protocol demonstration, the sensitivity along both the longitudinal and transverse directions (z and x) as well as possible cross-talk effects were tested. Derivatives of the fluorescence signals in Fig. 1 (b) , detected in the properly phased LIA X output while applying sinusoidally modulating fields along z-axis or x-axis in the presence of a static field along z-axis, are shown in Fig. 3 (a) and (b). The modulation frequencies were 3.7 kHz and 2.3 kHz, respectively, and the modulation depth ≈20 µT. Pronounced magnetically dependent features around the GSLAC were detected. In the case of z-axis modulation, the resulting demodulated PL signal depends linearly on the magnetic field in the region near the GSLAC [ Fig. 3 (a) ], while it is first-order insensitive to the z-axis magnetic field when applying modulation along the x-axis, The overall noise is limited by the environmental noise. The noise can be further suppressed by differential detection schemes 26 .
As a demonstration of the full vector capacity, a set of static magnetic field points designed along a 3D spiral curve was applied and measured. The trajectory of the vector fields is shown in Fig. 4 (a) and the corresponding amplitudes along each coordinate axis are displayed in Fig. 4 (b) .
The applied field in z direction is R cos θ, where R is the radius of the sphere and θ is the altitude angle (between the magnetic field to be measured and the z-axis). The applied B x and B y fields are R sin θ cos φ and R sin θ sin φ, respectively, where φ is the azimuth angle (between the projection of B in the x-y plane and the x-axis). This corresponds to the values of B x and B y shown in Fig. 4 (b) .
The measured field components in x and y directions show good agreement with the amplitudes determined by a priori calculations. The scatter in the data can be attributed to environmental noise in the laboratory and the applied field. The latter is also the reason for the larger noise in the z direction. The trajectory was measured multiple times and the angles were reconstructed every time. Figure 4 (c) shows the average angle with the statistical error. Note here that all the experiments were operated in the lab environment without magnetic shielding.
Conclusion
In summary, we have proposed and demonstrated a sensing method allowing simultaneous recording of all three Cartesian components of a vector magnetic field using a solid-state spin sensor. The method leverages the GSLAC of NV centers, and does not employ microwaves in the measurement.
Further optimization of the apparatus will allow a compact vector magnetometer well suited for geophysical field measurement or biophysical imaging. The present method can be applied to the anticrossings in other color-center systems.
The GSLAC-based vector magnetometer using NV centers along a single axis exhibits a root mean square noise floor of ≈300 pT in all three axes. More strategies are conceivable to further improve the magnetic sensitivity. While the technique was demonstrated without monitoring the intensity of the pump laser power, future experiments will utilize differential detection schemes and suppress laser-related noise. In addition, combination with infrared-absorption-based readout the magnitude of the transverse field increases. When applying a transverse magnetic field rotating around the z-axis, the PL signal is reduced but remains constant (no oscillating component) in the absence of a transverse DC field, indicated by the red curve in Fig. S1 (a) (ii). In the presence of a transverse field, the PL signal is off center from the coordinate origin and shows a minimum value when the rotating field reaches the same direction as the transverse field being interrogated, shown in Fig. S1 (a) (iii), (iv) and (v). The difference between the PL signals with (red curve) and without (blue curve) applied transverse field is shown in Fig. S1 (b) . This is then demodulated by a LIA which delivers the information of both the amplitude and the angle of the magnetic field to be measured, as shown in Fig. S1 (c) .
The x and y axes can be calibrated by tuning the reference phase of the modulation field. In our case, the measured x and y axes are set along the x-and y-modulating Helmholtz coils. The reference phase of the LIA was set so that a magnetic field along the x-axis corresponds to phase zero (and negative amplitude). The LIA output shows a maximum value at 0 o when applying a field along x-axis, shown in Fig. S1 (c ). An applied field in any other direction leads to an oscillating PL signal with a corresponding phase. Therefore, the phase output of the LIA is the angle between the transverse field to be measured and the defined x and y axes. shows that the ratios of the measured fields B z and B x correspond to different angles following the expected arctangent curve. The comparison corroborates the method's effectiveness.
